Arrestins are intracellular scaffolding proteins known to regulate a range of biochemical processes including G protein-coupled receptor (GPCR) desensitization, signal attenuation, receptor turnover and downstream signaling cascades. Their roles in regulation of signaling network have lately been extended to receptors outside of the GPCR family, demonstrating their roles as important scaffolding proteins in various physiological processes including proliferation, differentiation and apoptosis. Recent studies have demonstrated a critical role for arrestins in immunological processes including key functions in inflammatory signaling pathways. In this review, we provide a comprehensive analysis of the different functions of the arrestin family of proteins especially related to immunity and inflammatory diseases.
INTRODUCTION
Arrestins are scaffolding proteins that include multiple members divided into subfamilies based on sequence homology and tissue distribution: (1) visual rod arrestin (S antigen) and cone arrestin (C-or X-arrestin) and (2) β-arrestins (β-arrestin1 and β-arrestin2). More recently, another set of arrestin domain-containing proteins (called α-arrestins) have been included into this family. Whereas the visual rod and cone arrestins are restricted to rods and cones respectively in the visual system, β-arrestins (1 and 2) are ubiquitously expressed. Arrestins are highly conserved across the animal kingdom, with 39-50% sequence homology observed between vertebrates and invertebrates; and 44-84% homology within the vertebrate animals. 1 Even though originally discovered for their role in G protein-coupled receptor (GPCR) functions, arrestins, especially β-arrestins, are now recognized to be critical players in a number of physiological and pathophysiological processes, with various functions identified to be independent of GPCRs. In this review, we provide only a brief outline of the canonical roles of β-arrestins in GPCR signaling. For in-depth information regarding the role of β-arrestins in canonical GPCR signaling, readers are referred to some excellent reviews. 2 We focus this review mainly on the noncanonical roles of β-arrestins. In particular, we will address the new and emerging roles of β-arrestins in inflammation and inflammatory disease processes.
CANONICAL ROLES OF β-ARRESTINS β-Arrestin was first identified as a protein involved in β-adrenergic receptor desensitization 3 along with G protein-coupled regulatory kinases (GRKs). 4 Both arrestins and GRKs are now established as critical regulators of the canonical GPCR desensitization. [4] [5] [6] [7] Classical GPCR activation is initiated by ligand binding-induced conformational change in the receptor, allowing it to interact with and activate associated heterotrimeric G protein. G-protein activation involves exchange of bound guanosine diphosphate for guanosine triphosphate and its dissociation into its functional subunits, Gα and Gβγ. This induces signaling cascade through second messengers such as cyclic AMP (cAMP), calcium and diacylglycerol. In addition to initiating downstream signaling, agonist binding also leads to receptor phosphorylation by GRKs and recruitment of arrestin to this phosphorylated GPCR. A receptor thus bound to arrestin is sterically unable to interact with G proteins, thereby terminating further signaling (desensitization). In many cases, this is followed by receptor internalization through clathrin-coated pits followed by either receptor recycling or degradation (Figure 1 ). To allow for a check on uninhibited GPCR activation that could be detrimental to the host, signal termination and receptor desensitization is thus brought about by concerted actions of GRKs and arrestins. Over the course of time, this simplified view has considerably expanded to include contribution of β-arrestins to other aspects of GPCR signaling including scaffolds for signal transduction, transcriptional control and apoptosis regulation to name a few.
Association of β-arrestins with GPCRs divides the latter into two distinct categories on the basis of receptor trafficking. Class A receptors including adrenergic (β2, α1B), μ-opioid, endothelin A and dopamine D1A receptors have a higher affinity for β-arrestin2 compared with β-arrestin1 and interact transiently with β-arrestins. Class B receptors (such as angiotensin-II, vasopressin V2, neurotensin 1 and neurokinin NK1) on the other hand have equal affinities for both β-arrestins and their interaction is more stable. Whereas class A receptors recycle rapidly, class B receptors recycle slowly ( Figure 1) .
The two β-arrestins have 78% identical amino acid sequence with most differences observed in the C-terminus. 2 Studies over the past couple of decades have clearly demonstrated that their role in GPCR signaling is nonredundant with both distinct and overlapping functions. Although both β-arrestins have a nuclear localization signal located at the amino-terminus (1-185), 8 β-arrestin2 additionally has a nuclear export signal located at C-terminus (384-409) that leads to its cytoplasmic shuttling, 8 leading to distinct subcellular localization patterns for the two proteins. β-Arrestins further have the ability to form homo-and heterodimers, through inositol hexakisphosphate (IP 6 )-binding site. This oligomerization further affects the subcellular localization of β-arrestin1, such that monomers are nuclear whereas oligomers exhibit cytoplasmic localization. 9 This differential regulation of subcellular localization has implications in signaling modules employed by the two β-arrestins as discussed in the following sections ( Figure 2 ).
Whereas individual knockouts develop normally, double knockouts are embryonically lethal. 10 β-Arrestin1 (53 kDa, chromosome 7) knockout mice are fertile, produce normal litter size and do not exhibit any overt histopathological evidence of disease in organs. They also display normal blood chemistry in terms of hemoglobin, hematocrit, white blood cell and red blood cell count and splenic lymphocyte reconstitution. 11 β-Arrestin2 (46 kDa, chromosome 11) knockout mice too are viable with no gross abnormalities and no differences in basal body temperature. 12 The β-arrestin2 knockout mice were reported to have slightly lower body weight and fat proportion once they reach the age of 12 weeks; 13 this may be mouse colony dependent as in our mouse colony we have observed that young knockout mice have reduced body weight that recovers as the mice get older (unpublished observations).
Role of β-arrestins in receptor endocytosis
The canonical role of β-arrestins involves receptor desensitization and internalization wherein they act as scaffolds for proteins involved in the life cycle of the GPCR. Receptor internalization is an important feature of GPCR life cycle occurring through clathrinmediated or caveolae-mediated endocytic vesicles. Early studies found an important role for β-arrestin recruitment in receptor internalization and formation and trafficking of clathrin-coated pits. β-Arrestin (1 and 2) through C-terminus was also shown to interact stoichiometrically with clathrin protein heavy chain motif (LIEL/P) following β-adrenergic agonist stimulation. [14] [15] [16] The two β-arrestins however differ in their mode of interaction with internalization machinery and consequent signaling. β-Arrestin1 dephosphorylation at Ser-412 residue in response to agonist stimulation is required for its interaction with clathrin heavy chain, receptor internalization 17 and signaling through Src and extracellular signal-related kinase-1/2 (ERK1/2). 18 On the other hand, β-arrestin2 dephosphorylation at Thr-383 residue in response to agonist stimulation is irrelevant to its interaction with clathrin molecules and downstream signaling. 19, 20 β-Arrestins also interact with other components of clathrin endocytic machinery including clathrin adapter protein AP-2 (ref. 21, 22) and NSF (N-ethylmaleimidesensitive fusion) protein, an ATPase essential for intracellular transport. 23 Through their interacting partners, β-arrestins initiate the process of receptor endocytosis and internalization and therefore are now established as critical regulators of these physiological processes ( Figure 3 ).
NONCANONICAL SIGNALING ROLES OF β-ARRESTINS
In addition to their role in GPCR life cycle, β-arrestins also act as 'signaling scaffolds' for a number of signaling pathways both GPCR dependent and independent. These noncanonical β-arrestin roles differ in context based on cell type and receptors engaged; therefore, only studies with implications in inflammatory responses (and pertaining to GPCRs) are discussed below.
Interaction of β-arrestins with MAPK family members c-Jun N-terminal kinases. c-Jun N-terminal kinases (JNKs) are activated following a stress response. The family includes three genes (JNK1, JNK2 and JNK3). The cascade includes sequential phosphorylation by MAP3K (for example, ASK-1, MEKK, MLK) of MAP2K (for example, MKK4, MKK7) that consequently phosphorylates and activates JNK. Activated JNK can phosphorylate various cytosolic and nuclear targets. 8, 24, 25 β-Arrestin2 constitutively colocalizes with JNK3 in COS-7 cells even under basal conditions and is specifically required for ASK-1 (apoptosis signal-regulating kinase 1)-mediated JNK3 activation. This interaction was specific for β-arrestin2 and JNK3 as neither β-arrestin1 nor JNK1 co-immunoprecipitated with a corresponding partner. β-Arrestin2 interacts directly with ASK-1 and JNK3 through Activation of GPCR occurs by binding of the agonist that stimulates heterotrimeric G proteins. This G protein-dependent signaling results in the production of second messengers. Simultaneously, GRKs phosphorylate the receptor leading to arrestin binding and inhibition of G protein-dependent signaling (desensitization). In addition to desensitizing the receptor by uncoupling the receptor from G proteins, arrestins also recruit clathrin and adaptin molecules to target the desensitized receptor to clathrin-coated pit. Thus, arrestins play a crucial role in receptor internalization. Arrestins bound to the phosphorylated GPCRs also serve as a scaffolding platform for the MAPK modules (MAPKKK/MAPKK/MAPK). This results in the prevention of nuclear translocation of the MAPK, leading to an increase in phosphorylation of the cytosolic targets. This causes the 'second-wave' of signaling that is G protein independent. Affinity and duration of arrestin interaction with endocytosed GPCRs has also led to a classification of receptors into class A and B. See text for details. Figure 2 . Emerging role of β-arrestins in GPCR and non-GPCR signaling pathways. As discussed in the text, arrestins modulate various signaling modules in a receptor-and cell type-specific manner. This ability of arrestins to affect important physiological and inflammatory processes has important implications in disease progression.
amino-and carboxy-termini, respectively. Although its interaction with upstream MKK4 is indirect, the signalosome forms a complete mitogen-activated protein kinase (MAPK) module through β-arrestin2 mediated interaction. 26 The interaction site for JNK3 interaction on β-arrestin2 was shown to require residues 186-410 and further pinned to be at residues 196-198. 27 Furthermore, nuclear export signal of β-arrestin2 is critical for subcellular localization of JNK3 with its loss leading to nuclear sequesteration of both β-arrestin2 and JNK3. 28 The in vitro studies demonstrate β-arrestin2 (arrestin-3) to be a true scaffold for MKK4/ JNK3α2 signaling module. 29 Further studies using peptide array technology have uncovered binding sites on both β-arrestins and JNK. Interestingly using this approach, molecular determinants of binding of JNK signaling module (including ASK, MKK4 and JNK) to β-arrestin1 and 2 were identified. 30, 31 In the context of GPCR signaling, angiotensin-induced JNK3 activation and endosomal translocation are both β-arrestin2 mediated, demonstrating the ability of β-arrestin2 to regulate activation and subcellular localization of JNK MAPK module. 26 Arrestins interact with and cause nuclear export of JNK3 even under basal state, suggesting the existence of a complex poised to respond to the stimuli. 8, 24, 25 This regulation of JNK3 pathway by β-arrestins can have major implications in physiological processes like stress survival, apoptosis, mitogenesis and differentiation regulated by JNK. However, the role of this scaffolding function in immune cell function and in inflammatory diseases is not well known. There is some recent evidence that N-methyl-D-aspartate activation in the liver during liver injury downregulates inflammasomes in part via β-arrestin-2/JNK pathway. 32 Extracellular signal-related kinase-1/2. ERK activation is associated with proliferation, survival and differentiation and involves sequential activation of various kinases. Following activation, ERK translocates to the nucleus and induces transcription of target genes involved in mitogenesis and proliferation. The ability of β-arrestins to affect ERK1/2 activation was first shown in β2 adrenergic signaling, wherein its interaction with c-src and ability to induce receptor internalization were required for optimal ERK activation. 18 Since then several studies using different experimental models have demonstrated a role for β-arrestins in regulating the ERK signaling cascade (reviewed in DeWire et al. 2 and Luttrell and Miller 33 ). In response to protease-activated receptor 2 (PAR2) agonist, β-arrestin forms a multimolecular complex in the cytosol with the receptor (PAR2), Raf-1 and activated ERK1/2. As phospho (p)-ERK1/2 is sequestered in cytosol, its role in transcription activation and mitogenic potential is rendered ineffective in the presence of β-arrestin. 34 Similar β-arrestin scaffold (angiotensin type 1a receptor, β-arrestin, Raf-1 and ERK complex)-mediated sequestration of activated ERK1/2 in cytosol led to decreased Elk-driven transcription in response to angiotensin-II. 35, 36 Substance P-mediated ERK1/2 signaling, however, occurs through a complex between NK1R, β-arrestin and Src, followed by nuclear translocation of p-ERK1/2 and downstream effects of proliferation and protection from apoptosis. 37 Therefore, similar to its regulation of JNK signaling, β-arrestins can bind to ERK and its upstream signaling module (Src, Raf-1) and can regulate the activation status and subcellular localization of ERK MAPK module. Studies have also suggested that nuclear and cytosolic ERK localization may have different consequences such that nuclear ERK activates Elk-driven transcription and cell proliferation, whereas cytosolic ERK phosphorylates various cellular targets, perhaps affecting crosstalk with other pathways. 38, 39 In accordance with these functional studies wherein β-arrestin has the potential to act as scaffold for this multimeric complex, a protein-protein docking model was recently shown to validate the feasibility of this complex and identify the docking sites on β-arrestin for each molecule in a receptor/β-arrestin/Src/Raf/MEK/ERK complex. 40 p38 MAPK. p38 MAPK is another family of MAPK activated in response to stress, including cytokines, lipopolysaccharide (LPS) and growth factors. p38 activation in response to β2 adrenergic agonist acts in a biphasic manner, with the first peak observed at 10 min, followed by another peak at 90 min, sustained for 6 h. Whereas the early activation of p38 was β-arrestin1 dependent, late activation was Gs/cAMP/protein kinase A mediated. 41 β-Arrestin1 knockdown additionally inhibited Rac-1 membrane translocation that was required for early p38 activation, in addition to NADPH oxidase activity. 41 Early p38 activation therefore occurs via a β-arrestin1/Rac1/NADPH oxidase pathway, whereas late activation occurs through canonical Gs signaling. Although other studies have shown a role for β-arrestins in p38 activation in chemokine receptors, 42 κ-opioid receptors 43 and cytomegalovirus US28 receptor, 44 direct β-arrestin-mediated interaction of p38 in the context of immune cell signaling in inflammatory disease is currently lacking.
NF-κB pathway
Nuclear factor-κB (NF-κB) includes a family of transcription factors that in basal state are kept inactivated by interaction with inhibitory family of proteins, inhibitory κBα (IκBα). Following activation, IκBα is phosphorylated and degraded allowing release and nuclear translocation of active NF-κB. It then binds to and activates transcription from promoters of target genes. β-Arrestins can bind directly to IκBα through its N-terminus, 45 thereby leading to its stabilization in response to tumor necrosis factor-α (TNFα) stimulation. 46 The precise role of β-arrestins in NF-κB is specific to the context of receptor engaged. The β2 adrenergic receptorinduced NF-κB activation is negatively regulated by β-arrestin2 that binds to and stabilizes IκBα. 46 β-Arrestin2 also inhibits ultraviolet radiation-induced NF-κB activation and anti-apoptotic signaling that is further enhanced by simultaneous β2 adrenergic stimulation. 47 On the other hand, β-arrestin2 acts as a positive regulator of this pathway in response to lysophosphatidic acid. 48 Similarly, β-arrestin1 also acts as a positive regulator of endothelin-induced NF-κB activation, perhaps through its nuclear interaction. 49 It is not yet clear whether these differential roles of β-arrestins in NF-κB activation are due to specific receptors engaged or the cell type under investigation.
Nuclear roles of β-arrestins: transcriptional regulation Epigenetic modulation in the form of histone acetylation mediated by a family of histone acetylases and histone deacetylases regulate chromatin structure and promoter accessibility as an important mode of transcriptional control. β-Arrestin1 through its nuclear interaction with histone acetylase p300 mediates CREB (cAMP response element-binding protein)-dependent promoter acetylation and transcription of proteins p27 and c-fos following δ-opioid receptor signaling. 50 β-Arrestin1 also regulates histone acetylation-mediated gene transcription of antiapoptotic gene bcl-2 in CD4+ T cells. 51 Furthermore, in T cells isolated from primary biliary cirrhosis patients, β-arrestin1 can modulate expression of genes by virtue of affecting histone H4 acetylation. 52 These examples ascribe a critical scaffolding role to nuclear β-arrestin1 in regulating gene transcription.
Role of β-arrestins in post-translational modifications Ubiquitination. Mdm2 is an E3 ubiquitin ligase protein that mediates p53 ubiquitination and proteosomal degradation. Its role in GPCR signaling was identified through its interaction with and ubiquitination of β-arrestins and β2 adrenergic receptor. β-Arrestin scaffolds this interaction and ubiquitination of β-arrestin and the receptor was essential for receptor internalization and degradation respectively. 53 β-Arrestin2 by virtue of having a nuclear export signal also critically affects subcellular localization of mdm2. 54 In response to agonist binding (dopamine or β2 adrenergic) receptor, β-arrestin and mdm2 form a ternary complex through their amino-and carboxy-termini, respectively. This led to lower mdm2 self-ubiquitination, reduced p53 ubiquitination and its consequent degradation. β-Arrestin2 expression is thus able to affect p53-mediated apoptosis with higher level leading to mdm2 sequestration, consequently higher p53-mediated apoptosis and vice versa. 54 β-Arrestins therefore provide an important link between GPCR and p53 signaling.
Role of β-arrestins in apoptosis
The signal for apoptosis regulation by β-arrestins can originate from both GPCR and non-GPCR stimuli utilizing multiple pathways including MAPK and phosphatidylinositol 3-kinase (PI3K)/AKT pathways. As discussed in previous sections, β-arrestins through regulation of MAPK and other signaling modules can affect survival and apoptotic stimuli. Depending on the stimuli and pathway involved, the role of β-arrestins can be characterized as pro-or anti-apoptotic as summarized in Table 1 .
β-ARRESTINS IN IMMUNE SYSTEM
Immune system development is largely unaffected by lack of either of the β-arrestins. Equivalent proportion of neutrophils, lymphocytes, monocytes and eosinophils are observed in bone marrow. 55 Furthermore, splenic, 11,56,57 thymic 57 and blood 56 composition of immune cells is unaffected by loss of β-arrestins. Equivalent colony-stimulating factor 1 and F4/80 expression is observed in bone marrow-derived macrophages from wild-type (WT) or β-arrestin2 knockout mice. 58 Inflammatory response in the absence of β-arrestins is altered by various stimuli via involvement of distinct and multiple pathways as described in following sections.
G PROTEIN-COUPLED RECEPTORS Chemokine receptors
Chemotaxis leads to migration of immune cells to the site of inflammation and is a critical component of immune response. As most chemokine receptors are GPCRs, the role of β-arrestins in chemotaxis stems from their ability to regulate GPCR desensitization and signaling. β-Arrestins can associate with various chemokine receptors, including CCR2 (mono mac-1 cells), 59 CXCR1, 60 CXCR2, 60,61 CXCR4, 42,62,63 CXCR4/CXCR7 heterodimers 64 and CCR5. 42 The role of β-arrestins in receptor desensitization and signaling following ligand binding is presented in Table 2 . Chemokine signaling-induced migration and other responses including degranulation are also regulated by β-arrestins and are summarized below.
Neutrophils. β-Arrestins play important and sometimes even distinct roles in chemokine receptor-mediated signaling and migration. For example, even though CXCR2-mediated signaling is dependent on β-arrestins, 65 neutrophil infiltration in air pouch and cutaneous wound healing models was significantly elevated in β-arrestin2 knockout mice. 65 Neutrophil infiltration was also Abbreviations: ERK, extracellular signal-related kinase; GPCR, G proteincoupled receptor; GSK-3β, glycogen synthase kinase-3β; IL-8, interleukin-8; JNK, c-Jun N-terminal kinase; M-CSF, macrophage colony-stimulating factor; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase. The stimuli are mentioned in bold, secondary signaling that is cytoprotective is underlined and the one that further aggravates apoptosis is in italics.
significantly elevated in β-arrestin2 knockout mice in response to intraperitoneal oyster glycogen injection. 66 In a model of dinitrofluorobenzene-induced contact hypersensitivity, neutrophil infiltration to the site of inflammation was significantly increased in mice lacking β-arrestin2. 67 Utilizing bone marrow chimeras, this study however demonstrated an important negative regulatory role for β-arrestin2 in chemokine production from epidermal keratinocytes or other radioresistant cells. 67 Thus, a cell-intrinsic role for β-arrestin2 in neutrophil migration is difficult to assess in vivo in isolation from the differences in chemokine production that could contribute to the observed phenotype. Another study using leukocytes from bone marrow (60% neutrophils) and thioglycollate-elicited neutrophils demonstrated a drastic reduction in chemotactic response to PAR2 ligand in a transwell migration assay in the absence of β-arrestins (1 and 2). 55 β-Arrestins (1 and 2) through their interaction with cofilin and chronophin were identified as important in process of actin reorganization, pseudopodia polarization and subsequent directional migration. 55 β-Arrestins therefore have the potential to alter directional migration of neutrophils depending on instigating stimuli and cell-intrinsic role in actin assembly. In addition to migration, stimulation of neutrophils with a high concentration of interleukin (IL)-8 can also induce granule release via CXCR1 through Src kinase (c-Hck and Fgr)-mediated process. CXCR1 phosphorylation and association of β-arrestins (1 /2) with phosphorylated Src kinase isoforms was essential for granule release in neutrophils. 68 β-Arrestins therefore play diverse roles in neutrophil migration and degranulation in response to chemokines.
Lymphocytes. Defective chemotaxis was observed in lymphocytes lacking β-arrestin2 in response to CXCL12 (through CXCR4) in both transwell and transendothelial assays, even though GTPase activity in response to the chemokine was higher. 69 Surprisingly, β-arrestin2-deficient T and B cells also have an inconsistent increase in baseline chemokinesis, 69 even though their numbers in spleen under homeostatic conditions are unaffected. In U87-CD4 cells, migration occurs via the CXCR4/ CXCR7 heterodimer activation in response to stromal-derived factor-1α and is β-arrestin2 dependent. 64 In allergic asthma model, lung lymphocyte infiltration was largely abrogated in mice lacking β-arrestin2 and this was shown to be dependent on hematopoietic β-arrestin2. 70 As opposed to negative regulation in neutrophils, β-arrestin2 in lymphocytes is perhaps required for directional migration, at least under conditions studied thus far.
Macrophages. In primary human macrophages, knockdown of β-arrestin1 and 2 drastically decreases chemotactic response to MIP1β (CCR5). 71 Other studies investigating macrophages in the context of β-arrestins have mostly focused on their role in inflammatory gene expression and thus regulation of macrophage chemotaxis by β-arrestins is largely unexplored.
Other cells. In nonimmune cells such as HeLa and HEK293 cells, β-arrestin2 positively mediates stromal-derived factor-1α-induced chemotaxis and increases its efficiency. 42 In HEK293-CCR5 cells, β-arrestin2 overexpression enhances CCR5-mediated chemotaxis in response to RANTES (regulated on activation, normal T cell expressed and secreted). 42 PAR2-mediated chemotaxis in breast cancer cell line MDA-MB 231 is impaired in the absence of both β-arrestins (1 and 2). 72 β-Arrestins are therefore required for chemotaxis of nonimmune cells and this regulation can have implications in wound repair and cancer.
Complement receptors
C3aR. C3a receptor is a GPCR that induces chemotaxis and degranulation in mast cells, basophils and eosinophils, thus playing an important role in innate responses and asthma. In basophilic leukemia cell line RBL-2H3, β-arrestin recruitment following agonist binding leads to CCL2 production but inhibits degranulation, suggesting distinct roles for β-arrestin in these processes. 73 In mast cells, C3aR-induced signaling is differentially regulated by β-arrestins: β-arrestin2 is required for receptor internalization and desensitization but β-arrestin1 is critical for degranulation. Furthermore, although both β-arrestins negatively regulate early ERK activation, only β-arrestin2 inhibits C3aRinduced NF-κB activation and consequent CCL4 (MIP1β) production. 74 β-Arrestins thus have distinct and overlapping roles in C3aR-mediated responses.
C5aR. C5a signaling is mediated by two receptors, C5aR expressed at cellular membranes and intracellular C5L2. G-protein coupling, however, is exclusively associated with C5aR. In response to agonist binding, C5aR internalizes and colocalizes with C5L2 and β-arrestin, 75 suggesting an important role for β-arrestin in C5aR internalization. In addition to complement receptor signaling, expression of complement genes can also be modulated by β-arrestins. Expression of C1q genes (a, b and c) is significantly lower in bone marrow macrophages lacking β-arrestin2 (but not β-arrestin1), both basally and in response to LPS stimulation. 58 Together, these studies demonstrate important role of β-arrestins in regulating the complement receptor system. Abbreviations: ERK, extracellular signal-related kinase; JNK, c-Jun N-terminal kinase; PAR2, protease-activated receptor 2; PI3K, phosphatidylinositol 3-kinase.
Role of β-arrestins in inflammation and disease D Sharma and N Parameswaran Plasminogen-activated receptor 2 PAR2 is activated by protease trypsin leading to calcium mobilization and protein kinase C activation. Its desensitization involves irreversible receptor cleavage by trypsin, protein kinase C-mediated termination and endosomal receptor degradation. 76 Mast cell degranulation activates PAR2 leading to calcium mobilization and redistribution of tight junction proteins ZO-1 and occludin and perijunction protein F-actin. This process leads to increased transepithelial permeability and is affected by β-arrestin-mediated ERK activation. 77 β-Arrestins in response to PAR2 form a macromolecular complex with ERK, leading to p-ERK1/2 sequestration in the cytosol, rendering its transcription and mitogenic activity ineffective. 34 PAR2-regulated increase in transepithelial permeability has huge implications in stress and inflammatory responses and could be modulated by β-arrestins.
Regulation of inflammatory responses by β-arrestins via non-GPCRs. The following section describes the role of β-arrestins in modulating signaling downstream of non-GPCRs either through crosstalk of signaling platforms or direct generation and engagement of GPCR ligands during the course of inflammatory signaling.
Toll-like receptors (TLRs) β-Arrestins are widely expressed in macrophages and have been shown to affect TLR signaling both in vivo and in vitro in different cell models. The expression of β-arrestin1 itself is decreased in response to TLR2/4 (not TLR3/7) stimulation via a JNK-mediated mechanism involving both reduced transcription and increased degradation of the protein. 78 Even though expression of β-arrestin2 is unaffected in primary macrophages (thioglycollate elicited) in response to LPS, it is reduced in Raw264.7 macrophage cell line. 79 Furthermore, upon LPS stimulation, β-arrestin2 stabilizes IκBα, thereby inhibiting NF-κB activation and NOSII expression. 79 This reduction is dependent on TRIF 80 and β2 adrenergic receptor. 79 Interestingly, in THP-1 cells, β adrenergic stimulation dampens IL-8 and TNFα production in response to TLR4 stimulation via a β-arrestin2-mediated redistribution of surface TLR4/CD14 receptor. 81 This inhibition was further shown to involve AMPK pathway in addition to β-arrestin2, 82 implicating a β-arrestin2-mediated crosstalk between adrenergic, inflammatory and metabolic pathways during inflammation. The role of β-arrestins in direct TLR4 signaling and interacting partners is controversial, with both positive and negative roles ascribed to them in different cell types. In Raw264.7 cells, β-arrestin1 was identified as a binding partner for NF-κB1 p105 (p105) and shown to be an inhibitor of downstream TPL2-MEK1/2induced ERK1/2 activation. 83 In murine embryonic fibroblasts (MEFs), however, both β-arrestin1 and 2 negatively regulated NF-κB activation, whereas β-arrestin2 positively mediated ERK1/2 activation. Consequently, IL-6 production was found to be lower following β-arrestin2 knockdown, whereas both β-arrestin1 and 2 were required for IL-8 production. 84 On the other hand, in studies using bone marrow-derived macrophages, β-arrestin2 inhibited LPS-induced cytokine production 81, 85 or had no effect. 86 Similarly, β-arrestin2 knockout neutrophils (glycogen oyster elicited) also produced greater extent of IL-6 and TNFα both basally and in response to LPS. 66 Consistently, thioglycollate-elicited neutrophils from β-arrestin2 knockout mice also responded to LPS stimulation with higher production of IL-6 and IL-10. 56, 87 In addition to TLR4, β-arrestins have been implicated in regulating NF-κB activation in response to other TLR ligands (polyIC) as well as IL-1β signaling. β-Arrestins bind and inhibit TRAF6 (a E3 ubiquitin ligase protein)-mediated NF-κB activation. In this regard, the carboxy-terminus of β-arrestins interacts with TRAF6 through its TRAF domain, blocking the polyubiquitination site (K48) required for self-ubiquitination and IκB activation.
Consequently, cytokine production was enhanced in β-arrestin2deficient bone marrow-derived macrophages, in response to TLR4, TLR3 and TLR9 ligands. 85 Recently, this interaction of β-arrestin2 with TRAF6 itself has been shown to be regulated by SUMOylation at lysine 295 residue that reduces its affinity for TRAF6 thereby, enhancing signaling through the latter. 88 Consistent with effects in response to TLR ligands, cytokine production to adenovirus infection has been found to be modulated differentially by β-arrestins as demonstrated in both in vivo and in vitro studies. 89 Adenovirus-induced cytokine production has been shown to be mediated through TLR-, MyD88-and TRIF-mediated signaling. 90, 91 β-Arrestin1 and β-arrestin2 act as positive and negative regulators, respectively, of adenovirus signaling, suggesting that their modulation could alter adenoviral response and influence the use of adenovirus gene therapy.
In addition to cytokine production, β-arrestin2 also protects against serum starvation-induced apoptosis aggravated by TLR4 signaling through its ability to stabilize GSK-3β. 87 β-Arrestins can therefore differentially affect multiple facets of TLR signaling in different cell types. Their roles during in vivo models are discussed in the section under inflammatory disease models.
TNF receptor
In macrophages as well as in HeLa cells, β-arrestin1 directly interacts with IκBα and functions as a negative regulator of TNFαinduced NF-κB activation. 45 However, β-arrestin (1/2) knockdown did not affect TNFα-induced NF-κB activation and IL-6 production in MEFs. 48 Alternately in 3T3-L1 adipocytes, TNFα induced Src phosphorylation in a β-arrestin1-dependent manner via G proteins, Gα/q11. Furthermore, downstream ERK and JNK phosphorylation, matrix metalloproteinase 3 production and lipolysis were found to be dependent on β-arrestin1 but independent of the interacting G protein. 92 These studies suggest that β-arrestins are important regulators of TNF receptor with the signaling module and consequent biological response depending on the cell type.
Transforming growth factor-β receptor (TGFβR) β-Arrestin2 mediates TGFβRIII internalization, thereby downregulating TGFβ signaling and its anti-proliferative role. 93 TGFβRIII signaling has been shown to reduce migration via cdc42-and β-arrestin2-dependent actin remodeling. 94 Furthermore, TGFβ-mediated induction of regulatory T cells (Tregs) was found to be impaired in β-arrestin2 knockout mice in both in vitro polarization assays and secondary lymphoid organs during experimental autoimmune encephalomyelitis (EAE) pathogenesis. 95 Thus, β-arrestin2 can modulate anti-proliferative and T cell differentiation potential downstream of TGFβ signaling, thereby affecting cancer progression, metastasis and T cellmediated immunopathologies.
Interferon receptors
Interferon-γ (IFNγ) exhibits potent antiviral activity and signals via STAT1 (signal transducer and activator of transcription 1) tyrosine phosphorylation followed by its dimerization and nuclear translocation. STAT1 binds to target genes with IFNγ activation site (GAS) and induces transcription. STAT1 function is antagonized by dephosphorylation through nuclear phosphatase TC45. β-Arrestin1 was reported to interact with both nuclear STAT1 (active) and TC45 and affect STAT1 dephosphorylation, thus reducing the potency of IFNγ signaling. 96 MEFs and HeLa cells lacking β-arrestin1 have sustained STAT1 phosphorylation and greater induction of IFNγ-inducible genes. Furthermore, in MEFs lacking β-arrestin1, pretreatment with IFNγ leads to lower host cell death and viral loads post vesicular stomatitis virus infection, demonstrating a negative regulatory role for β-arrestin1 in IFNγ-induced antiviral activity. 96 Viruses can modulate and interfere with STAT1-mediated IFN response. 97 Interestingly, β-arrestin1 expression was increased for 8 days following hepatitis B virus infection before returning to baseline level in the liver (site of infection) but not the spleen. 96 This expression profile coincided with observed viral loads, 98 suggesting that β-arrestin1 could be part of the machinery affecting IFN-induced anti-viral response and modulation of its expression could be an effective therapeutic strategy.
Natural killer inhibitory receptors Natural killer (NK) cells have a repertoire of activating receptors NKG2D and natural cytotoxicity receptor-(NKp46/44/30) that signal to induce cytokine production or cytotoxicity against viral and tumor targets. They also have inhibitory molecules, killer immunoglobulin-like receptors (KIRs) and NKG2A/C/E, in humans and Ly49 in mice that recruit phosphatases to counter the activation signal. β-Arrestin2 was reported as an important player in this KIR-mediated cytotoxicity inhibition. It formed a complex with KIR2DL1 and phosphatases, Src homology containing phosphatase-1 and -2 (SHP-1 and SHP-2) and countered signal transduced through activating receptors. Consequently, mouse NK cell cytotoxicity was inversely proportional to β-arrestin2 expression as shown using NK cells from β-arrestin2 transgenic (overexpression) and knockout mice. Furthermore, human KIR2DL allelic heterogeneity and inhibitory potential was associated with its ability to recruit β-arrestin2 and SHP-1 to receptor complex. 99 This ability of β-arrestin2 to affect NK cell-mediated cytotoxicity has implications in murine cytomegalovirus infection model that is largely dependent on NK cell activity. β-Arrestin2 transgenic mice therefore have higher viral loads, as there is greater inhibition to NK cell cytotoxicity. 100 TIGIT (T-cell Immunoglobulin and ITIM domain receptor) is another inhibitory molecule expressed on NK cells, Tregs, CD8+ and CD4+ T cells. In NK cell line (YTS), TIGIT negatively regulates NF-κB activation and IFNγ production in response to its ligand poliovirus receptor. These inhibitory activities are also dependent on its ability to interact with β-arrestin2. 101 Thus, β-arrestin2 has profound influences on NK cell functions.
T cell receptor T cell receptor upon binding to its cognate MHC/peptide complex stimulates cAMP production that activates the inhibitory protein kinase A/Csk1 pathway. This inhibitory effect of cAMP is relieved by CD28-mediated recruitment of phosphodiesterase 4 (that degrades cAMP), and this recruitment of phosphodiesterase 4 was found to be dependent on β-arrestin as well as PI3K pathways. The protein kinase B/β-arrestin/phosphodiesterase 4 complex was shown to be sequestered in the membrane fraction following CD3/28 stimulation in a PI3K-and Src-dependent manner. 102 Human primary T cells stimulated with CD3/28 produce lower IL-2 and IFNγ following β-arrestin knockdown, suggesting a positive role for β-arrestins in proximal T-cell signaling. 102 Another study showed altered T-cell differentiation in response to T cell receptor stimulation in β-arrestin2 knockout cells. Even though the knockout T cells differentiated into T helper (Th)1, Th2 and Th17 cells in proportion equivalent to the WT T cells, their polarization to Treg was impaired. This impaired Treg differentiation has implications in EAE pathogenesis, with the knockouts exhibiting enhanced susceptibility to disease. 103 Similar β-arrestin2-mediated regulation of Treg differentiation was also observed in our studies using colitis models that led to increased colitic susceptibility by T cells lacking β-arrestin2. 104 β-Arrestin2 expression was found to be higher in T cells isolated from asthma-induced mice as compared with control. 105, 106 Interestingly, modulating the expression of β-arrestin2 in CD4+ T cells isolated from asthmatic animals affected Th2 (ref. 106) and Th17 (ref. 105) polarization potential and downstream production of IL-4 and IL-17, respectively. On the other hand, T cells lacking β-arrestin1 had equivalent Th1, Th2 and Treg differentiation whereas Th17 induction was negatively altered. 107 In addition to T-cell activation, other components of T-cell biology such as apoptosis are also affected by β-arrestins during ongoing inflammation. Other studies have shown that TLR2 pretreatment reduces stress-induced loss of splenocytes through a PI3K/Akt pathway that is β-arrestin2 dependent. Stress also alters T-cell activation potential, decreasing IL-2 production while increasing IL-4, and this effect was shown to be abrogated by TLR2 agonist via a β-arrestin2-dependent mechanism. 108 β-Arrestin2 knockout mice therefore exhibit lymphocyte reduction and altered activation pattern that is not rescued by TLR2 agonists. 108 These processes can have significant consequence in pathogenesis of multiple T cell-mediated auto-inflammatory disorders.
Nod-like receptors Nod-like receptor (NLR) is a family of molecules, some of which are capable of forming inflammasomes-multimeric complexes that oligomerize in response to various pathogen and dangerassociated molecules. NLRs including NLRP3, NLRC4 and AIM2 are capable of interacting with ASC, forming a complex that recruits casapse-1. This leads to auto-activation of caspase-1 and consequent cleavage of inflammatory cytokines, IL-1β and IL-18 and induction of pyroptotic cell death. 109 Each inflammasome responds to a specific danger-or pathogen-associated signal; for example, ATP, MSU (monosodium urate crystals) and silica engage NLRP3, whereas NLRC4 and AIM2 respond to bacterial flagellin and double-stranded DNA respectively. In response to ligand detection, the NLR recruits the adaptor molecule ASC and oligomerizes to form the inflammasome complex. This activation is characterized through detection of 'ASC-specks' that reflects the cellular localization of the oligomerized complex, secretion of cleaved IL-1β and IL-18 and LDH release that signifies cell death. Given the importance of these cytokines and pyroptosis in pathogen response and inflammatory diseases, inflammasome activation is tightly regulated. 110 In addition to many known regulators of inflammasome activation, β-arrestin1 was recently shown to specifically be required for optimal NLRP3 and NLRC4 inflammasome activation. ASC aggregation, caspase-1 activation and IL-1β secretion were all reduced in cells lacking β-arrestin1. β-Arrestin1 specifically interacted with NLRP3, NLRC4 and NLRP12 through PYD (pyrin) domain but not with AIM2. Furthermore, in vivo peritonitis response to MSU crystals, a NLRP3 ligand, as measured by neutrophil infiltration and IL-1β secretion was drastically reduced in mice lacking β-arrestin1. Also, weight loss and IL-1β secretion were lower in β-arrestin1 knockout mice even in response to Salmonella typhimurium infection, a bacteria well known to engage the NLRC4 inflammasome. 111 These recent data demonstrate yet other important inflammatory pathway that β-arrestins can regulate.
β-ARRESTINS IN INFLAMMATORY DISEASE MODELS
β-arrestins modulate a plethora of cell signaling pathways in response to a variety of ligands in both immune and nonimmune cells. Therefore, it is not surprising that β-arrestins play important role in the pathogenesis of inflammatory diseases (Table 3 ). In the following section we discuss some of these key findings published in the past few years.
AUTO-INFLAMMATORY DISORDERS Experimental autoimmune encephalomyelitis
Early studies demonstrated a role for β-arrestins in epitope spreading with both autoantibodies 112 and T-cell proliferative response 113 against β-arrestins being significantly higher in multiple sclerosis patients as compared with healthy controls.
The T-cell response to β-arrestins further correlated positively with the response to myelin binding protein, a dominant peptide in immunopathology of the disease. 113 Using a mouse model of EAE, 114 it was shown that β-arrestin1 knockout mice were protected from disease induction, with lower inflammation and histological damage in spinal cord sections. 51, 114 Complementary to that, β-arrestin1 transgenic mice with β-arrestin1 overexpression had higher clinical scores and greater extent of demyelination in spinal cord sections. Mechanistic studies demonstrated that β-arrestin1 promotes expression of anti-apoptotic gene bcl2 through its nuclear function of histone H4 acetylation, thus reducing apoptosis in both naive and activated CD4+ T cells. Interestingly, CD4+ T cells from multiple sclerosis patients have higher expression of β-arrestin1 and bcl-2 and, importantly, knockdown of β-arrestin1 in these cells increases apoptosis. Therefore, higher survival of CD4+ T cells mediated by β-arrestin1 is posited to be a reason for its role as a positive mediator of the disease pathogenesis. 51 Another study reported similar upregulation of β-arrestin1 expression in the brains of multiple sclerosis patients and animal model of EAE as compared with respective control along with a concurrent decrease in A1 adenosine receptor expression. Glucocorticoid treatment that alleviates neuroinflammation and associated behavioral deficits was shown to increase adenosine A1AR expression concomitant with a reduction in β-arrestin1 expression, suggesting a reciprocal regulation between the two as an important determinant of multiple sclerosis pathogenesis. 115 Whereas β-arrestin1 knockout mice are resistant to EAE pathogenesis, mice lacking β-arrestin2 are highly susceptible to EAE. Mechanistically, the worsened phenotype was found to be associated with lower peripheral Foxp3+ Treg induction. 103 In fact, T cells lacking β-arrestin2 showed poor conversion to induced Tregs in vitro, suggesting that lack of regulatory signaling is at least partially responsible for overt activation of immune response. β-Arrestin1 and 2 therefore modulate EAE inflammation and pathogenesis in a distinct manner.
Allergic asthma β-Arrestin2 has been shown to be a critical determinant in the pathogenesis of allergic asthma, with both inflammatory and physiological functions ascribed to the protein. In an early study, β-arrestin2-deficient mice displayed drastically reduced physiological and inflammatory responses in ovalbumin-sensitized allergy model. 116 Ovalbumin-induced T-cell infiltration and Th2 response in the lung were markedly reduced in β-arrestin2 knockout mice, whereas the Th1 response was unaffected. Alternately, T-cell chemotaxis to macrophage-derived chemokine in vitro and its production in vivo was significantly lower in the absence of β-arrestin2. 70 Further studies revealed a divergent role for both hematopoietic and nonhematopoietic β-arrestin2. Whereas hematopoietic β-arrestin2 was required for eosinophil and lymphocyte infiltration, airway hyperresponsiveness (AHR) was regulated by nonhematopoietic β-arrestin2. 117 Other lines of evidence supporting a role for β-arrestin2 in regulating inflammation came from studies where PAR2-induced modulation of inflammatory response in asthma was β-arrestin2 dependent. 118 Expression of β-arrestin2 itself was significantly higher in T cells isolated from Pulmonary fibrosis/bleomycin-induced lung fibrosis β-arr1/2 − / − Protective Altered expression of genes involved in matrix production and degradation 137 Cystic fibrosis/CFTR − / − β-arr2 − / − ? Lower cholesterol synthesis and CREB activation 141, 142 Cutaneous flushing/nicotinic acid injection β-arr1 − / − Reduced Lowered prostaglandin D2 production 145 Role of β-arrestins in inflammation and disease D Sharma and N Parameswaran asthma-induced mice as compared with control. 105, 106 Furthermore, modulating the expression of β-arrestin2 in CD4+ T cells isolated from asthmatic animals affected Th2 (ref. 106) and Th17 (ref. 105) polarization potential and downstream production of IL-4 and IL-17, respectively. An important role for β-arrestin2 in affecting physiological process of AHR came from a study that used an inducible Cre-mediated knockdown of β-arrestin2 once the asthmatic response was established. 119 Once the inflammatory process and AHR was established, loss of β-arrestin2 had minimal impact on inflammation in terms of cellular infiltration and histological scoring but drastically abrogated AHR. 119 This was a critical study highlighting the diverse roles played by β-arrestin2 in asthma development. Although the inflammatory response can be posited to be hematopoietic β-arrestin2 dependent, 117 AHR itself is perhaps independent of β-arrestin2-driven inflammation 119 and instead could be mediated by nonhematopoietic β-arrestin2. 117 These studies highlight the differential role of β-arrestin2 in cellular compartments during asthma induction or perpetuation. 105, 106, 119 β-Arrestin1, on the other hand, had no role to play in ovalbumin-induced inflammation or its PAR2induced exacerbation. 118 Thus, β-arrestins can modulate asthma development by regulating various processes and its expression or physiological function could be targeted for therapeutic intervention.
Rheumatoid arthritis
Arthritis is an auto-inflammatory disorder characterized by chronic inflammation in synovial joint causing cartilage and joint destruction. In a mouse model of collagen antibody-induced arthritis, 120 expression of both β-arrestins was significantly elevated in the joint tissue. Cytokine production by fibroblastlike synoviocytes following hyaluron stimulation was increased in response to β-arrestin1 overexpression but decreased by overexpression of β-arrestin2. 121 Furthermore, 4-mer hyaluron oligosaccharide, a by-product of cartilage (hyaluron) breakdown, signals through TLR4 for inflammatory cytokine production, a process inhibited by β-arrestin2. 122 Another study using primary chondrocytes demonstrated a negative regulatory role for β-arrestin2 in NF-κB signaling and downstream cytokine (IL-6, TNFα and IL-17A) production following 4-mer hyaluron stimulation. 122 This highlights the importance of β-arrestin2 in inflammatory processes that perpetuate cartilage destruction in arthritic joints. These in vitro studies are corroborated by in vivo analysis of disease progression using the collagen antibodyinduced arthritis model. 120 In this model of arthritis, consistent with its role as a negative regulator of inflammation, β-arrestin2 knockout mice had more severe arthritis in collagen antibodyinduced arthritis model with increased neutrophil and macrophage infiltration observed in the synovial tissue and cavity. 121 β-Arrestin1 expression was higher in peripheral blood monocyte cells from patients with rheumatoid arthritis and in CD4+ T cells in periphery and synovial joints of mice subjected to arthritis. 107 Consistent with pro-inflammatory role of β-arrestin1 in fibroblasts, 121 the knockout mice had decreased disease incidence and attenuated joint swelling and destruction in β-arrestin1 knockout mice. 107 Furthermore, β-arrestin1 knockout arthritic mice had lower IL-17A in synovial joints and β-arrestin1 knockdown in WT mice decreased the production of IL-17 in the joints.
The study further demonstrated that β-arrestin1 acts as a scaffold for JAK1/STAT3-mediated IL-6 signaling to positively regulate Th17 polarization. 107 β-Arrestins thus have divergent roles to play in arthritis severity with β-arrestin1 and 2 being pro-and antiinflammatory respectively.
Inflammatory bowel disease
Inflammatory bowel disease is a multifactorial disease perpetuated by a dysregulated immune response. With gut being the site of constant interaction between the immune system and foreign antigens (dietary or microbial), the balance between inflammatory and regulatory responses at this site is particularly essential for homeostasis. β-Arrestin1 knockout mice were protected from both dextran sodium sulfate (DSS)-induced and trinitrobenzene sulfonic acid-induced 123 colitis based on clinical signs and histopathological scoring. 124 These knockout mice also had markedly lower production of IL-6 and higher levels of IL-10 and IL-22 in colons of colitic mice, perhaps restricting inflammation and promoting epithelial cell repair. 124 On the other hand, β-arrestin2 has distinct functions in pathogenesis of colitis. In a model of DSS-induced colitis, β-arrestin2 knockout mice were protected from DSSinduced colitis with lower inflammation and higher mucosal apoptosis observed in the colon tissue. 125 Its own expression is enhanced in colon tissues from colitic human subjects. It was further demonstrated that β-arrestin2 was involved in endoplasmic reticulum stress/PUMA (p-53-upregulated modulator of apoptosis)-mediated mitochondrial apoptotic signaling, and in its absence the endoplasmic reticulum stress was ameliorated, leading to lower epithelial cell apoptosis and alleviated colitis. 125 On the contrary, we found a role for β-arrestin2 in T-cell activation that increased the susceptibility of the β-arrestin2 knockout mice to exhibit higher extent of colitis in DSS-mediated colitis that was further independent of microbiota dysbiosis. 104 The difference in the two studies might be because of the differences in the dose of DSS used and degree of inflammation induced, making one factor dominant over the other. β-Arrestin2 was further shown to inhibit T cell-mediated colitis in a RAG T-cell transfer model. 104 β-Arrestin2 can therefore employ and engage multiple pathways to affect the outcome in colitis. Thus, similar to other autoimmune diseases, β-arrestin1 and β-arrestin2 seem to have distinct roles in the pathogenesis of colitis.
Primary biliary cirrhosis
Primary biliary cirrhosis is an autoimmune disease associated with extensive humoral and cellular immune response. Autoreactive T cells specific for PDE-C2 antigen mediate destruction of biliary cells. 126 β-Arrestin1 expression was significantly elevated, predominantly in T cells isolated from blood of primary biliary cirrhosis patients as compared with healthy controls, with the increase correlating with Mayo risk score. 52 Furthermore, altering expression of β-arrestin1 in autoreactive T cells by means of overexpression and knockdown demonstrated a positive regulatory role for β-arrestin1 in mediating T-cell proliferation and IFNγ production. Expression of genes involved in autoimmunity was also shown to be regulated by β-arrestin1 via its role in affecting histone H4 acetylation; the expression of CD40L, LIGHT, IL-17 and IFNγ was upregulated, whereas that of TRAIL, Apo2 and HDAC7A was found to be downregulated. 127 These studies warrant further investigation into the role of β-arrestins in initiation and development of this T cell-mediated autoimmune disease.
Myocardial infarction
Inflammation during myocardial infarction (MI) is not only important for initiating the healing process but is also responsible for the adverse effects of excessive remodeling. Its control therefore is of prime importance to restore optimum myocardial function. Furthermore, these events of tissue remodeling are perpetuated through aldosterone and adrenergic signaling, with the production and signaling of both being affected by β-arrestins. 128 β-Arrestins could affect the outcome of MI and heart failure in multiple ways, 129 either through modulating inflammation or by affecting hormonal signaling. In a model of cryoinfarction, 130 adenoviral-mediated adrenal delivery of fulllength β-arrestin1 and β-arrestin1 C-terminus peptide fragment that act as overexpressed and negative inhibitor of β-arrestin1 function respectively was used to delineate the adrenal function of β-arrestin1 in MI and consequent heart failure. 131 It was found that β-arrestin1 promotes aldosterone production that leads to adverse remodeling and reduced ventricular function. It also correlated with expression of plasminogen activator inhibitor-1 and TGFβ, the inflammatory mediators of tissue remodeling. 131 Complementary data for detrimental role of β-arrestin1 were obtained in another study comparing the recovery in response to MI in WT and β-arrestin1 knockout mice. 132 The β-arrestin1 knockout mice in response to MI had higher survival, lower infarct size, adverse remodeling and reduced circulating levels of catecholamines and aldosterone. Inflammatory cytokines associated with damage and remodeling were significantly lower demonstrating that cardiac response (β-adrenergic), adrenal function and inflammatory response were all dampened in the absence of β-arrestin1, providing a survival benefit. 132 β-Arrestin2, on the other hand, had opposing role of mediating protection in MI model. 133 β-Arrestin2 knockout mice had increased early mortality, whereas the cardiac function and hypertrophy, infarct size and fibrotic response were unaffected by loss of β-arrestin2. Inflammation as ascertained by expression of inflammatory mediators and activation of ERK and NF-κB pathway was significantly elevated in cardiac macrophages from β-arrestin2 knockout mice. Furthermore, the inflammatory response was modulated by β-arrestin2 in the hematopoietic cellular compartment. 133 Therefore, β-arrestins through regulation of inflammatory and neurohormonal pathways distinctly regulate reparative response to MI, thereby affecting the eventual outcome. Delineating the major players and pathways would be highly informative in designing β-arrestin-biased ligands for therapeutic interventions.
Pulmonary fibrosis
Idiopathic pulmonary fibrosis is a fatal disorder of unknown etiology that leads to loss of lung function. It is characterized by inappropriate fibrosis and involves excessive collagen deposition and distortion of lung architecture. 134 Initiated by an airway injury, TGFβ and matrix metalloproteinases are major players in pathophysiology affecting collagen synthesis, fibroblast proliferation, extracellular matrix remodeling and destruction of basement membrane. 135 In a bleomycin-induced mouse model of idiopathic pulmonary fibrosis, 136 mice lacking either of the β-arrestins were markedly protected from lung fibrosis and consequent mortality. 137 Lung architecture distortion and collagen deposition were ameliorated in the absence of β-arrestins even though pulmonary inflammatory infiltration was unaffected. In addition, TGFβ signaling and chemotaxis to bronchoalveolar fluid were similar in primary lung fibroblasts, whereas their invasiveness as assessed by matrigel invasion assay was severely impaired in the absence of β-arrestins (1 or 2). Consistent with that, knockdown of β-arrestin2 in primary fibroblasts isolated from human idiopathic pulmonary fibrosis patients decreased their invasive potential. Genes involved in extracellular matrix degradation and remodeling were thus altered in lung tissue from β-arrestin knockout mice in response to bleomycin-induced lung fibrosis. 137 Therefore, loss of β-arrestins is protective in idiopathic pulmonary fibrosis through regulation of fibroblast invasiveness and their localized inhibition could be a promising potential therapy.
Cystic fibrosis
Cystic fibrosis (CF) is a condition caused by loss or mutation of CFTR (cystic fibrosis transmembrane conductance regulator) protein, a cAMP-regulated chloride channel. 138 Cells from CF patients exhibit higher cAMP signaling as measured by increased activity of CREB and altered cholesterol homeostasis. 139, 140 The altered cholesterol homeostasis is a critical part of CF pathogenesis such that it can modulate the inflammatory response to microbial challenge and is mediated by CREB activity. 140 Both these characteristics were affected by β-arrestin2-mediated ERK activation. 141, 142 β-Arrestin2 expression itself was elevated in CF cells in both mouse model and human patients, 140 and β-arrestin2 overexpression in non-CF cells was sufficient to induce cholesterol accumulation in epithelial cells in a cAMP-dependent manner. 142 In CFTR − / − mice, loss of β-arrestin2 reduced de novo cholesterol biosynthesis in the liver 142 and decreased pERK and pCREB content in nasal epithelium cells to levels comparable to WT mice. 141 These studies place β-arrestin2 as a critical regulator of cholesterol accumulation observed in pathogenesis of CF and allude to its role in CF-associated pathologies.
Cutaneous flushing
Cutaneous flushing is a negative side effect of nicotinic acid treatment used to lower triglycerides and low-density lipoproteins and raise high-density lipoproteins, lowering the risk of cardiovascular diseases. Nicotinic acid binds to GPR109A, 143 a seventransmembrane receptor to induce anti-lipolytic activity and a transient reduction in levels of free fatty acids. 143 This was believed to be the basis of positive effect on levels of serum lipids. Through receptor activation, nicotinic acid also induces production of prostaglandins likely from immune cells and causes the side effect of cutaneous flushing. 144 The role of β-arrestins in antilipolytic and flushing activity was assessed following niacin treatment. Although serum free fatty acid levels were similarly reduced in WT or β-arrestin (1 or 2) knockout mice in response to nicotinic acid injection, ear perfusion was significantly reduced in β-arrestin1 knockout mice. This was associated with lower cPLA2 (phospholipase) activity observed in response to ex vivo nicotinic acid stimulation in β-arrestin1 knockout macrophages. 145 This led to the conclusion that β-arrestins mediate the negative side effect of cutaneous flushing without affecting the positive effect of reduction in free fatty acid levels and demonstrates use of GPCRbiased ligands as potential therapeutic agents. 145 It should however be noted that later studies have contradicted the causal role of GPR109A-mediated reduction in free fatty acids on serum lipid levels, 146 and thus the physiological role of β-arrestins in GPR109A needs further investigation.
INFLAMMATORY RESPONSE TO PATHOGENS Endotoxemia
Endotoxemia is the simplest septic shock model involving use of LPS as the instigating pathogenic ligand. It is widely used to study the role of proteins in TLR4 signaling and consequent endotoxic shock. 147 Given the various roles ascribed to β-arrestins in TLR4 signaling and consequent cytokine production, it is perhaps not surprising that the role of β-arrestins in endotoxemia model of sepsis is controversial. In earlier studies, mice lacking β-arrestin2 were shown to be susceptible to D-galactosamine-sensitized endotoxemia model with higher level of cytokines observed in plasma. 85 In contrast, studies from our lab showed lower mortality in response to high dose of LPS that correlated with reduced plasma IFNγ levels in mice lacking either of the β-arrestins. 148 Similar to the previous study, some cytokines were higher in the β-arrestin2 knockout mice, especially at early time points after LPS injection. Another recent study showed increased mortality in β-arrestin2 in response to LPS injection due to abrogation of antiinflammatory IL-10 production. 149 The key differences in these studies with disparate results was use of galactosamine sensitization in Wang et al. 85 Endotoxin supplemented with D-galactosamine and caerulein sulfate are frequently used as models of acute hepatitis and pancreatitis respectively. A study designed to investigate the role of metabolites, lactate 150 and aspartate 32 on end-organ damage found that β-arrestin2 mediated the protective effects of these compounds. In primary macrophages, lactate and aspartate signal through GPR81 (G protein receptor 81) and N-methyl-D-aspartate receptors, respectively, to reduce LPS-induced expression of inflammatory genes involved in inflammasome activation-IL-1β, NLRP3 and pro-caspase-1. In addition, hepatitis and pancreatitis induction and organ injury as measured through alanine transaminase and amylase levels were significantly reduced by both metabolites in their specific receptor-and β-arrestin2dependent manner. 32, 150 Sepsis Even though endotoxemia is a simple and convenient model to mimic septic shock, it does not capitulate all features of a human response. A clinically relevant model of sepsis termed cecal ligation and puncture that induces a polymicrobial peritonitis is often used as a gold standard for animal models of sepsis. 151 In this model of sepsis, both β-arrestins negatively regulate polymicrobial sepsis-induced inflammation and consequent mortality. 57, 86 In both knockout mice, enhanced levels of cytokines are detected in plasma, peritoneal fluid (the site of infection) and lung tissue. Overt activation of NF-κB pathway detected in lung tissues of septic mice for both knockouts suggests inhibition of NF-κB by β-arrestins as an important mechanism of controlling sepsis-induced inflammation. 56, 57 Furthermore, mice heterozygous for both β-arrestins were protected from overt inflammation and enhanced mortality in cecal ligation and puncture model of septic peritonitis, 56, 57 suggesting that one allele is sufficient for inhibiting sepsis-induced inflammation. Bone marrow chimeras generated to understand the cell compartment-specific role of β-arrestin1 in sepsis-induced inflammation revealed a critical role for nonhematopoietic β-arrestin1 in inhibiting the inflammatory response. 57 It is however not known whether β-arrestin2 exerts its protective effect in sepsis through either one or both compartments. As cecal ligation and puncture induces an inflammatory response to necrotic tissue in addition to microbial stimulation, 154 β-arrestin2 knockout mice were subjected to polymicrobial injection to induce sepsis independent of the incidence of necrotic tissue. In this model as well, mice lacking β-arrestin2 exhibited increased inflammation and mortality, suggesting that the response is higher to microbial stimuli. 56 In addition, in both models of polymicrobial sepsis, β-arrestin2 knockout mice have increased neutrophil sequesteration in the lung as ascertained by myeloperoxidase activity. 56, 66, 86 This increased neutrophil sequesteration was independent of TLR4 signaling as LPS injection does not have the same effect as microbial stimulation. 56 This observation highlights the distinct inflammatory response instigated in the absence of β-arrestin2 in the two models of endotoxemia 148 and polymicrobial sepsis 56, 86 and could be the underlying cause of eventual outcome. Together, these studies underscore the critical role of β-arrestins in sepsis as well as demonstrate important roles for β-arrestins in nonimmune cells in modulating sepsis pathogenesis.
Meningitis
Meningitis is an acute inflammation of meninges, the protective membrane in brain and spinal cord, induced in response to viral, bacterial or fungal infections. Neisseria meningitides is a Gramnegative bacterium that causes sepsis and meningitis. Once in the blood stream, it adheres to brain endothelium, multiplies at the cellular surface and crosses blood-brain barrier to cause meningitis. Recent studies have shown that the bacterial infection hijacks β2 adenoreceptor/β-arrestin2-biased signaling pathway in the endothelial cells to facilitate bacterial adhesion via src activation. Its penetration into tissue also requires junctional protein delocalization and gap formation that is mediated by β-arrestin. 152 β2 adrenergic agonists that induce receptor internalization are able to reduce bacterial adhesion underscoring their use as an effective strategy to combat infection. In another study, β-arrestin2 expression was altered in peripheral blood monocyte cells of patients with meningitis caused by Cryptococcus neoformans, an opportunistic pathogen. Increased β-arrestin2 expression also correlated positively with serum IL-10 and negatively with IFNγ levels. Furthermore, β-arrestin2-transfected peripheral blood monocyte cells had lower cytotoxic activity whereas knockdown of β-arrestin2 led to a nonsignificant increase in cytotoxic activity against C. neoformans. 153 This suggests a negative role for β-arrestin2 in inducing bacterial killing by perhaps inhibiting IFNγ production. Thus, by regulating bacterial invasion and killing, β-arrestin2 could potentially affect the incidence and perpetuation of meningitis. Antiviral response β-Arrestin1 negatively affects antiviral activity of IFNγ signaling as shown by vesicular stomatitis virus infection-mediated cell death and viral loads being lower with β-arrestin1 knockdown in MEFs and HeLa cells. 96 Furthermore, β-arrestin1 expression was modulated by hepatitis B infection at the site infection (liver), whereas splenic β-arrestin1 expression was unaffected. 96 As viruses are capable of affecting JAK/STAT pathway to evade the immune response and potentiate infection, 97 regulating β-arrestin1 expression might perhaps provide an effective antiviral therapy or potentiate existing IFN therapy. In another study, β-arrestin2 was shown to be an important player in clearance of murine cytomegalovirus infection that is largely dependent on NK cell-mediated cytotoxic activity. β-Arrestin2 in association with SHP-1 and SHP-2 was able to inhibit cytotoxicity in NK cells such that transgenic mice with higher β-arrestin2 expression have greater viral loads in organs following murine cytomegalovirus infection. Conversely and as expected, β-arrestin2 knockout mice had better clearance and lower viral titers. 100 β-Arrestins therefore have distinct ways of regulating antiviral responses that requires further investigation for potential use in therapeutic development.
CONCLUSIONS
In this review we focused mainly on studies dealing with the role of β-arrestins in immunological processes. As noted in the beginning of this review, the 'arrestin' family now includes other members such as the arrestin domain-containing proteins called the α-arrestins as well as visual arrestins. Although visual arrestins regulation of vision has been well established, studies on the role of α-arrestins especially in GPCR signaling are only beginning to be unraveled and their potential in other signaling pathways deserves further attention. In addition, although β-arrestins appear to be involved in many cell signaling processes, their role in inflammatory disease pathogenesis appears to be context dependent. In certain disorders both β-arrestins have similar functions, whereas in others their roles are contradictory. One characteristic feature of models wherein they have distinct roles is T cell-mediated immunopathologies such as EAE, allergic asthma, colitis and arthritis. Furthermore, some studies have attempted to identify the cell type/cellular compartment involved in β-arrestinmediated inflammatory regulation; in most cases, the involvement of a specific cell type, receptor or ligand remains elusive. Thus, future studies focusing on the mechanistic basis of the 'inflammatory-context'-dependent role of β-arrestins are likely to shed light on the specific role of β-arrestins and identify potential therapeutic targets. Examples of such therapeutics already in existence include biased GPCR ligands that specifically engage β-arrestins to beneficially modulate downstream signaling. Such ligands form an area of emerging interest and provide a promising avenue for future research and development of therapies for inflammatory disorders.
